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IN MAMMALIAN CELLS, BASAL metabolic processes in the presence of fluctuations of oxygen availability are, in large part, regulated at the transcriptional level by the transcription factor hypoxia-inducible factor-1 (HIF-1) (9) . This regulation is critical, as cellular metabolic demands must be modulated according to time-specific physiological function and needs at any given time.
HIF activity is functional to the sensing of changes in oxygen availability and in determining cellular response to relative hypoxia or hyperoxia, allowing a fine tuning of cell adaptation to conditions of different oxygen availability by affecting oxygen transfer, angiogenesis, glycolytic metabolism, proliferation, and apoptosis (17) .
The importance of oxygen concentration sensing by cells in a wide range of cellular responses renders the full understanding of HIF activity an attractive tool to open new avenues in the development of therapeutics able to target HIF pathway, either repressing or activating the expression of a large spectrum of genes in turn involved in a wide spectrum of diseases (29, 30) .
According to this pivotal role in metabolism regulation, in the last decade, HIF has been the object of a large number of investigations, which addressed the basis of its mechanism of action. It is established that HIF-1 acts as a heterodimer, consisting of HIF-1␣ and HIF-1␤ subunits. HIF-1␣ represents the regulatory subunit that is primarily activated under conditions of oxygen deprivation, when hydroxylation by prolyl and asparaginyl hydroxylases is inhibited. This results in stabilization and transactivation of HIF-1␣, which induces the expression of ϳ100 target genes by binding to the hypoxia-responsive element (HRE) located in the regulatory DNA sequence (30) .
Despite such an established understanding of the basic mechanism of action, some aspects of HIF modulation are still unrevealed. A few years ago, our laboratory proposed a novel mechanism of regulation of HIF activity based on relative changes of oxygen availability rather than on steady-state hypoxic or hyperoxic conditions (5) .
On the basis of our experimental observations addressing the effect of rebound relative hypoxia after hyperoxia obtained by normo-and hyperbaric oxygen breathing conditions, we hypothesized that the expression of one of the HIF target genes, erythropoietin (EPO), is modulated by the cellular availability of reactive oxygen species (28) . Briefly, also according to other evidence published, it has been proposed that, rather than the absolute oxygen concentration, tissues respond to relative changes of oxygen availability, upregulating HIF-1 activity, even when returning back to normoxic conditions.
In the present paper, we report the results of a combination of experiments addressing the following: 1) the effects of an intermittent increase of oxygen concentration on HIF-1 levels and the activity level of specific HRE-regulated proteins in endothelial cultured cells; and 2) the effects of intermittent breathing of normobaric high (100%) and low (15%) oxygen in vivo in humans on hemoglobin (Hb) levels with the aim of confirming, at cellular and at functional level, that normoxia following an hyperoxic event is "interpreted" as a hypoxic event, describing the "normobaric oxygen paradox". The normobaric oxygen paradox is still under discussion. For a detailed answer to detractors, see Refs. 2, 3, 15.
MATERIAL AND METHODS

Cellular Studies
Cell culture and treatments. Human umbilical vein endothelial cells (HUVECs) were isolated from freshly obtained human umbilical cords by collagenase digestion of the interior of the umbilical vein, as described elsewhere (32) . Briefly, the umbilical vein was cannulated with a blunt needle and then secured by clamping the cord over the needle. First, the vein was washed out by perfusing 30 ml of Hanks' buffer. The collagenase (0.2% wt/vol in Hanks' buffer) was infused into the vein and then incubated at 37°C for 15 min. After incubation, the collagenase solution containing the endothelial cells was flushed from the cord by perfusion with 30 ml of Hanks' buffer, and the collected effluent was centrifuged. The cells were sedimented at 250 g for 10 min, washed once with Hanks' buffer, and then resuspended and cultured in medium 199, supplemented with 20% of fetal bovine serum, L-glutamine, HEPES, penicillin-streptomycin, endothelial cell growth factor, and heparin, in gelatin-pretreated flasks. Cells were maintained in an incubator with a humidified atmosphere containing 5% CO 2 at 37°C. Cells used in this study were from the second to fourth passage.
HUVECs were incubated in hyperoxic (32% O 2) or normoxic (21% O2) conditions at 37°C. The 32% oxygen level has been chosen to mimic the relative increase found during 100% of oxygen breathing reported to the cellular level, which is grossly five times the usual breathed level; moreover, the 32% oxygen-enriched air is a common nitrox mixture used by divers, and the reactions of cells submitted to such an environment are presently unknown. Mild hyperoxia was produced using a modular incubator gas chamber (M.I.C. 101 modular-incubator, Billups-Rothenberg). The chamber was purged with 32% O2 for 4 min at a flow rate of 20 l/min and reflushed after 1 h, according to Billups-Rothenberg protocol. The chamber was maintained into the incubator at 37°C. All of the reagents used to manage cells treated in hyperoxic conditions were also flushed with 32% O2.
Cells exposed to mild hyperoxia for 2 h were used as positive control. For recovery experiments, cells were exposed to mild hyperoxia for 2 h and then recovered for 4 or 6 h into normoxic condition with fresh medium. Control cells were exposed to 2 h of normoxia and Fig. 1 . Modulation of hypoxia-inducible factor (HIF)-1␣ in human umbilical vein endothelial cells (HUVECs) exposed to hyperoxia (32% O2) for 2 h and then recovered to normoxia for the following 6 h. Cultures exposed to normoxic conditions for 6 h were used as controls. The figure shows a representative image out of at least three independent experiments. Results by densitometry are reported as fold change against control (6 h of normoxia) and expressed as means Ϯ SD of at least three independent experiments. *P Ͻ 0.05 vs. cells exposed to hyperoxia for 2 h. Fig. 2 . Zymographic analysis of matrix metalloproteinase (MMPs) in the culture medium of HUVECs exposed to hyperoxia (32% O2) for 2 h and then recovered to normoxia in the subsequent 4 or 6 h. Cultures exposed to normoxic conditions for 6 h were used as controls. The picture represents the inverted image of the zymography gel from one representative experiment out of three independent experiments. The dark bands represent lytic zones. The activities were abolished by the addition of EDTA (5 mM), confirming that the detected gelatinase activities were specifically due to the MMPs (not shown). The histogram displays the means Ϯ SD of three independent experiments. Results by densitometry are reported for the active form of MMP-2 and MMP-9 as fold change against control cultures. *P Ͻ 0.05 vs. normoxic control cells.
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then for 4 h in the same condition with fresh medium. In our experimental conditions, hyperoxia did not affect cells viability (data not shown).
Western blotting analysis. For immunoblot analyses, 40 g of protein lysates per sample were denatured in 4ϫ SDS-PAGE sample buffer [Tris·HCl 260 mM, pH 8.0, 40% (vol/vol) glycerol, 9.2% (wt/vol) SDS, 0.04% bromophenol blue, and 2-mercaptoethanol as reducing agent] and subjected to SDS-PAGE on 10% acrylamidebisacrilamide gels.
Separated proteins were transferred to nitrocellulose membrane (Hybond-P PVDF, Amersham Bioscience). Residual binding sites on the membrane were blocked by incubation in TBST (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) with 5% (wt/vol) nonfat milk powder overnight at 4°C. Membranes were then probed with specific primary antibodies: rabbit anti-HIF-1␣ polyclonal antibody (Santa Cruz Biotechnology) (1:200); rabbit anti-cytoskeletal actin (Bethyl Laboratories) (1:5,000), followed by peroxidase-conjugated secondary antibody horseradish peroxidase-labeled goat anti-rabbit Ig (BD Pharmigen) (1:5,000) and visualized with an ECL plus detection system (Amersham Biosciences). The equivalent loading of proteins in each well was confirmed by Ponceau staining and actin control.
Gelatin zymography. Gel zymography was used to detect the proteolytic activity of matrix metalloproteinase (MMP)-2 and MMP-9, two matrix MMPs involved in matrix metabolism and vessel maturation, which have been reported to be affected by oxygen levels (6) . Following appropriate treatment, media from cell cultures were denaturated in non-reducing 4ϫ SDS-PAGE sample buffer and loaded onto a 10% acrylamide-bisacrilamide gel containing 0.1% gelatin and then electrophoresed for 5 h in Tris-glycine SDS running buffer. To enable the enzymes to renature, the gel was incubated for 1 h in 2.5% Triton X-100 at room temperature and incubated in zymogram developing buffer (10 mM CaCl 2, 50 mM Tris-base pH 8.0) overnight at 37°C. The gel was stained with 0.25% Coomassie brilliant blue solution of methanol-acetic acid-water (40:10:50 vol/ vol/vol) for 30 min at room temperature and then destained with methanol-acetic acid-water (40:10:50 vol/vol/vol) for 20 min at room temperature.
The presence of clear bands in the gels at the appropriate molecular weights reflects gelatinolytic activity of MMP-2 and MMP-9.
Human Studies
Subjects. Experimental protocol. The volunteers received either 15% (n ϭ 12; group 1) or 100% (n ϭ 12; group 2) of oxygen by means of orofacial breathing demand mask (Alduc 2 Drager demand valve breathing inhalator). The oxygen sessions were achieved during 30 min every other day for a period of 10 days (5 sessions). Hb levels were measured by a photometric method (Hemocue HB 201) using capillary blood samples withdrawn by puncturing the fingertip pulp and analyzing the blood drop before every session and were related to the baseline as a percentage (8, 24) .
Statistical analysis. All of the experiments conducted in cultured cells were performed in triplicate and repeated three times. Results are expressed as means Ϯ SD from three experiments and statistically analyzed by a one-way ANOVA test, followed by Tukey's honestly significant difference, using the statistical software ezANOVA. Differences in groups and treatments were considered significant for P Ͻ 0.05.
Differences resulting from hyperoxic treatment in humans were assessed by a repeated-measures ANOVA to test the between-and within-subject effect after Kolmogorov Smirnov test for normality. A Dunnet posttest was then performed. Individual initial value was considered as 100%, and percent variations were calculated for Hb, thereby allowing an appreciation of the magnitude of change rather than the absolute values. The regression line slope differences (hyperoxic vs. hypoxic) were analyzed using the analysis of covariance (ANCOVA) procedure. The significance level was set at P Ͻ 0.05.
RESULTS
Experiments on Cultured HUVECs
Given the ability of the cells to sense and respond to changes in oxygenation through the involvement of HIF, we measured the level of HIF-1␣ protein in HUVECs exposed to alternate oxygen concentration (mild hyperoxia and then recovery to normoxia).
MMP genes contains an HRE and are, therefore, modulated by HIF-1␣ playing critical roles in several aspects of tissue growth, development and remodeling, wound healing, and angiogenesis in response to oxygen availability (31) . Therefore, we evaluated the effects of oxygen sensing by measuring the expression of MMPs (MMP-2 and -9). Normoxia after hyperoxia is associated with an increase of HIF-1 levels. In our experimental condition, the level of HIF-1␣ in HUVEC cells is downregulated by a mild hyperoxic treatment. Figure 1 shows that increased oxygen levels inhibit HIF-1␣ and -1␤ dimerization. Interestingly, during recovery, when oxygen concentration was brought back to the initial level of 21%, we observed that HIF-1 was upregulated in a time-dependent way. Six hours after the administration of hyperoxia, HIF-1␣ levels were about twice the baseline level.
As HIF-1␣ acts as an oxygen sensor and is expected to be upregulated during hypoxia (9), these results suggest that endothelial cells "interpreted" the return to the baseline oxygen concentration during posthyperoxia recovery, as a relative oxygen shortage and then as hypoxia.
Normoxia after hyperoxia is associated with an increased activity level of HIF-1-regulated proteins. The cellular reaction indicated by the changes of HIF-1␣ levels were confirmed by assessing MMP activity. Figure 2 shows that the activity of both MMP-2 and MMP-9 follows the same trend of HIF-1, being significantly downregulated (ϳ50% of the baseline) during hyperoxia and rapidly reaching a level significantly higher than that monitored at the baseline after 4 h of normoxic treatment. At 6 h from the cessation of high-oxygen treatment, MMP-2 and MMP-9 protein levels were 2.5-and 2.6-fold higher than at the baseline. The upregulation of the catalytic activities of MMP-2 and MMP-9 after the return to normoxia supports the hypothesis that normoxia following a hyperoxic event is sensed by endothelial cells as an oxygen shortage.
Human studies. Since the first report presenting the possibility to increase EPO synthesis with a single nonhypoxic stimulus (5) , the clinical use of this acute effect of oxygen breathing has been proposed to be an expedient treatment in neuroprotection and cardioprotection in preoperative treatment and beneficial for septic patients (11) . Similarly, our laboratory reported potential advantages of normobaric high-oxygen treatment in cardiac surgery patients (12) .
To corroborate the observations hereby reported on cultured cells, we have exposed human healthy volunteers to pulsed hyperoxia and hypoxia to evaluate the effects at functional level by measuring blood Hb concentration as the final outcome of the induction of EPO synthesis via HIF activation. Figure 3 shows that both temporary hypoxic and hyperoxic treatment are associated with an increase of Hb levels in humans. Compared with the background, Hb levels after breathing 100% oxygen reached 105.53 Ϯ 7.65% (P ϭ 0.016). Similarly, in the hypoxic group, Hb levels were 116.75 Ϯ 9.58% (P ϭ 0.0002) of the baseline after 10 days (15% oxygen breathing). A further increase of Hb concentration was observed after the cessation of the oxygen breathing eventually followed by a rapid decrease to basal levels after a few days.
The hypoxic stimulus was expected to be associated with a significant increase of Hb levels since this is a well-established stimulus for EPO expression and subsequent Hb increase, as shown in voluntary breath-hold studies (16) . Conversely, the increase of Hb associated with the hyperoxic stimulus was unexpected and in agreement with our previous observations and with cultured cells data. Comparing the increase tendencies of both groups with linear regressions and then comparing them by means of an ANCOVA analysis, no significant differences were found between the slopes. Therefore, one single regression line can be drawn expressing the increase of Hb in both groups (see Fig. 4 ). . In normoxia, hydroxylation at two proline residues promotes HIF-1␣ association with von Hippel-Lindau (VHL) protein and HIF-1␣ destruction via the ubiquitin (Ub)/proteasome pathway, while hydroxylation of an asparagine residue blocks association with coactivators. In hyperoxia (32% O2, phase 1), higher oxygen concentrations promote also HIF-1␣ destruction. Our results support the hypothesis that normoxia following a hyperoxic event is sensed by endothelial cells as an oxygen shortage. In fact, in hypoxic conditions, HIF-1␣ destruction processes are suppressed, allowing HIF-1␣ subunits (both HIF-1␣ and HIF-2␣) to escape proteolysis, dimerize with HIF-1␤, recruit coactivators, and activate transcription via the HREs. This represent a logical explanation for the sustained decrease in EPO production after oxygen breathing (phase 1), as opposed to the normobaric oxygen paradox (phase 2) getting back air breathing (21% oxygen). OH, hydroxyl group.
DISCUSSION
Numerous evidence demonstrates that HIF-1 is one of the major factors controlling cellular adaptive response to hypoxia (27) . HIF-1 was originally identified as a regulator of hypoxiainduced EPO expression and eventually found as an essential global regulator of oxygen homeostasis (35) . The generation of the heterodimeric transcription factor composed of HIF-1␣ and HIF-1␤ subunits is well known to induce the expression of genes (including EPO) bearing the HRE at the promoter level.
In a previous report, we hypothesized that relative changes of oxygen availability rather than on steady-state hypoxic or hyperoxic conditions, like reactive oxygen species, may act as potent triggers in HIF transcriptional effects. The repetition of such a stimulus has been used to increase Hb and reticulocytes in anemic patients (10, 4) ; the possible doping effect of such a method has also been recently discussed (1) . One could question the importance of spleen constriction in this Hb increase. To our knowledge, the spleen constriction has never been shown during oxygen breathing but has indeed during breathholding or hypercapnic breathing and isometric contractions. We, therefore, disregard the spleen contribution, considering it as being neglectable in our experimental setting (18, 21, 25) .
We used a cellular approach to reach a deeper insight of the normobaric oxygen paradox (5) . Experiments conducted on cultured endothelial cells (HUVECs) confirm that an increase of HIF during recovery occurs and corroborate the hypothesis of a relative hypoxic environment in the presence of 21% oxygen (Fig. 1) . Furthermore, MMPs, known to be modulated by the hypoxic stimulus in endothelial cells (7), were upregulated after the cell recovery to normoxia. Our cellular experiments indicate that MMP activity levels paralleled oxygeninduced modulation of HIF and strongly indicate that endothelial cells sense the return to normoxia after hyperoxia as an hypoxic stimulus (Fig. 5) .
To confirm the results obtained on endothelial cells, we studied the effects of pulsed hyperoxic and hypoxic treatment in healthy human volunteers. In fact, in response to hypoxia, the capacity of red blood cells to transport oxygen is upregulated by the expression of genes involved in erythropoiesis and iron metabolism. Hypoxia increases the expression of EPO, which is required for the formation of red blood cells (26) , as an increase in the number of erythrocytes enhances the delivery of oxygen to tissues. As reported in Fig. 3 , breathing both 15% oxygen and hyperoxia induced an increase of Hb levels in humans. This effect was enhanced after the cessation of the oxygen breathing. These results indicate that a sudden and sustained decrease in tissue oxygen tension after hyperoxia may act as a trigger for EPO synthesis. For a specific discussion on the speed of Hb increase, see Ref. 15 .
Although our in vivo study only addressed the final outcome of oxygen effects, we can speculate that our observations are underlined by two different pathways: one related to the increase of the glutathione synthesis (possibly due to a nuclear respiratory factor-2-mediated signaling) (33) coping with the increase of reactive oxygen species generated during hyperoxia, as suggested by studies on human subjects supplemented with N-acetyl cysteine (36, 23) ; and the other one due to an increase of HIF availability, shown for the first time in this study in pulsed hyperoxic conditions (Fig. 5) . Data were already available in intermittent hypoxic conditions (22) . It is evident that a concomitant intervention of the two pathways is clearly possible.
It seems that, according to our findings, the "relative" hypoxia is a potent stimulator of the HIF-mediated gene expressions. Medical potential uses can be considered, since a real hypoxia is difficult to be proposed as a treatment for patients. Some applications have been proposed in several clinical settings (2, 12, 13, 14, 19, 20) . Moreover, increased expression of HIF-1␣ has been demonstrated in intensive care unit patients with shock (34). Our cellular data warrant the future clinical approaches.
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